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ABSTRACT: Phytoplankton extracellular release of organic substances was studied in the Southern 
Bight of the North Sea in relation to changes in growth conditions (light intensity and inorganic 
nitrogen concentration) and in taxonomic phytoplankton composition. Light intensity had no effect on 
percent extracellular release (PER). A high negative correlation between PER and mineral nltrogen 
concentration was found during spring bloom when phytoplankton were dominated by flagellates 
(Phaeocystis poucheti in the Southern Bight; dinoflagellates in the oligotrophic English Channel). The 
physiological response of the flagellate populations to shortage of nutrients differed. High PER was 
measured dunng the decline of the bloom with lower values in ollgotrophic (46 %) than eutrophic 
waters (70 to 80 %). On the other hand, no significant correlation was found between PER and mineral 
nitrogen for diatoms which dominate the phytoplankton population outside the spring period. PER 
values were unchangeably low (0 to 14 %)  over a large range of mineral nitrogen concentrations (0 to 
50 pg at N I-'). 
INTRODUCTION 
Dissolved organic material released by phytoplank- 
ton may constitute an important direct source of food 
for microheterotrophs (Itumaga and Hoppe, 1977; 
Wiebe and Smith 1977; Chrost, 1978; Lancelot, 1979; 
Larsson and Hagstrom, 1979, 1982; Wolter, 1982). It is 
therefore important, not only to determine accurately 
the rate of the excretion process, but also to understand 
the main environmental factors controlling it. 
Since the introduction of the concept of extracellular 
release, both its quantitative importance and its control 
by environmental factors have been subject to much 
controversy. Some earlier studies reported high exuda- 
tion rates - up to 70 % of the total primary production 
(see the review by Sharp, 1977) -but as the 14C method 
for measuring phytoplankton excretion was refined 
and the sources of error weeded out, as recommended 
by Sharp (1977), lower rates were generally reported. 
Indeed most recent data indicate that healthy, growing 
phytoplankton is characterized by low rates of exuda- 
tion with percentage of extracellular release (PER) 
ranging between 0 and 10 % of photosynthetic assimi- 
lation (Williams and Yentsch, 1976; Ituniaga and 
Hoppe, 1977; Sharp, 1977; Smith et al., 1977; Mague et 
al., 1980; Sellner, 1981; Larsson and Hagstrom, 1982). 
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On the other hand, most culture work shows higher 
rates of extracellular release when phytoplankton 
growth is limited either by nutrient depletion or by too 
high or too low light intensities (Fogg et al., 1966; 
Fogg, 1971, 1977; Myklestadt and Haug, 1972; 
Ignatiades and Fogg, 1973; Sharp, 1977). 
Fogg et al. (1965) suggested that photo-assimilated 
carbon is released into the surrounding medium 
instead of being used for growth when depletion of 
nutrients prevents protein synthesis. According to this 
hypothesis, higher PER would be found in oligotrophic 
than in eutrophic waters. This was supported by obser- 
vations of Anderson and Zeutschel (1970), Thomas 
(1971) and Berman and Holm-Hansen (1974); some 
authors found, on the contrary, lower excretion rates 
for oligotrophic areas (e.g. Williams and Yentsch, 
1976; Sellner, 1981). Similarly, if Fogg et al.'s 
hypothesis is correct, higher PER would be found dur- 
ing the decline of a bloom in comparison with its 
outburst. A few works (Iturriaga and Hoppe, 1977; 
Smith et al., 1977; Wolter, 1982) show this, but no 
significant correlation between PER and nutrient con- 
centration was found by these authors. 
Part of the complexity in these observations may 
arise because of different physiological behaviour of 
the various taxonomic species which follow one 
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another when environmental conditions are changing. frozen for subsequent analysis. 100 m1 of seawater 
It is known, indeed, that some different species have were fixed with a Lug01 solution for phytoplankton cell 
very different PER (Hellebust, 1965; Myklestadt, 1974; determinations. 
Lee and Nalewajko, 1978; Wolter, 1982), and the fact 
that, in most of the papers mentioned the variations in Chemical analysis and taxonomy 
the taxonomic composition of phytoplankton have not 
been taken into account, can lead to misinterpretation. Chlorophyll a was determined spectrophotometri- In this paper, I present data on phytoplankton 
cally following Lorenzen (1967). Ammonium was mea- 
extracellular release in the Southern Bight of the North 
sured employing the phenol hypochlorite method Sea. It will be shown that a clear picture of the effect of (Slawyc and McIsaac, 1972). Nitrate and nitrite were inorganic nitrogen - the element limiting primary pro- determined according to Armstrong et al. (1967). Phy- duction in this area (Pichot, 1980) - on this process can 
toplankton cells were counted after concentration by 
only be obtained by considering separately the diffe- passive sedimentation in 25 m1 and 100 m1 sedimenta- 
rent taxonomic groups which dominate in turn the 
tion chambers during 24 h, using the Utennohl proce- phytoplankton community. dure (1958). 
MATERIAL AND METHODS 
Collection of samples 
Most of this work was carried out in Belgian coastal 
waters during the spring of 1978, 1979 and 1982. In 
addition, samples were collected along a transect from 
eutrophic Belgian coastal waters to the more oligo- 
trophic English Channel during a whole annual cycle 
(1982) in order to meet a large range of growth condi- 
tions. Sampled stations are shown on Fig. 1. The salin- 
ity of the studied area ranges between 30 Y&I S for the 
ENGLAND / I 
Fig. 1. Position of sampling stations. Arrows: stations chosen 
for studylng effects of light intensity on phytoplankton excre- 
tion 
most coastal stations and 35 %O S for stations in the 
Channel. Samples were collected at a depth of 3 m 
with 5 1 Niskin bottles; 1 1 was immediately filtered on 
GF/C Whatman filter for chlorophyll a measurement. 
Filter and filtrate with 2 drops of chloroform were 
Photosynthesis measurements 
The classical radiocarbon method for measuring 
primary production (Steeman-Nielsen, 1952) was 
adapted to measure gross production rate of extracellu- 
lar organic compounds, as a function of incubation 
time (Lancelot, 1979). Different sets of short-term kine- 
tics - in vitro, in sib,  in semi-situ light intensities - 
were performed in order to examine possible effects of 
light intensity. In vitro and in semi-sib kinetic experi- 
ments were run in seawater-cooled incubators illumi- 
nated either by artificial constant light intensity (11500 
LUX) or by natural light. Various light intensities were 
obtained by covering the bottles with screens of diffe- 
rent light transmissions. In situ incubations were per- 
formed at sampling depth. 
The general procedure for each kinetic study was the 
following: seawater was prefiltered (zooplankton net, 
200 pm mesh) in order to avoid excessive grazing dur- 
ing incubation. One hundred to 200 pCi of UV irradi- 
ated NaH14C03 were rapidly added to 1 1 of prefiltered 
seawater. After shaking, seawater was rapidly distri- 
buted into *ex bottles (125 m1 each), one of which 
was immediately filtered for zero time measurement. 
Bottles were then incubated for 3 to 5 h. At short 
intervals, a bottle was filtered (0.2 km Sartorius mem- 
brane filter) using a gentle vacuum (100 mm Hg) to 
avoid disruption of the cells. Filtrates and filters were 
collected and immediately frozen until analysis. For 
each kinetic experiment dark controls were checked. 
However, possible excretion was never measured dur- 
ing dark incubation. For measurements of labelled 
dissolved organic carbon the pH of the filtrate was 
reduced to 2 to 3 with 85 % H3P04 and superfluous 
inorganic radioactive carbon was eliminated by bub- 
ling with air for 20 min (Kelton et al., 1977). The 
radioactivity contained on the filter and in the filtrate 
was determined by liquid scintillation. 
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RESULTS variation as a function of light intensity, regardless of 
the season. Even in summer, when light intensity is 
Effect of light intensity highest and causes photo-inhibition (Samples No 1, 5, 
6, 7, 9; Fig. 2), no significant increase of PER occurs. 
Samples from some stations chosen along the tran- These results allow precise comparisons among sta- 
sect (fig. 1) were incubated in semi-situ at different tions, regardless of light intensity. 
light intensities as described before. Phytoplankton 
exudation rates were given by the initial slope of the 
kinetic curves (Lancelot, 1979). Fig. 2 presents 2 exam- Seasonal and geographical variations of phytoplank- 
tonic extracellular release 
- 
E" 
- 
a' !l;k Light % 
b During 5 transects from eutrophic Belgian coastal 
waters to the eastern English Channel, measurements L of nutrient concentration and of particulate and dis- solved primary production were carried out. One tran- sect was done in winter when primary production is very low; 2 others, in the spring (including the outburst and the collapse of the phytoplanktonic bloom); the last 2 during summer and autumn. Results of inorganic nitrogen concentration (NO; + 
Light % NO; + NH,+) and of phytoplanktonic extracellular 
release (PER) are shown in Fig. 3a, b, c, d, e. No 
Fig. 2. Relation between rates of particulate production ( A )  
and extracellular release (m), and light intensity. (a) April extracellular production was found during winter 
1982; station 50°46' N 010 15, E; surface incident p h ~ ~  = 29 although a large range of nutrient concentrations was 
joules cm-2 h-'. (b) June 1982; Station 51" 15' N 02" 13' E; measured (Fig. 3a). On the other hand, the spring 
surface incident P M R  = 36 joules h-' bloom period is characterized by a large range of PER 
values with extremes of 5 % and 80 %. On average, 
ples illustrating the dependence of the rates of particu- PER are higher during the decline of the bloom, when 
late production and extracellular release on light in- mineral nitrogen is depleted (Fig. 3c) than during early 
tensity. spring (Fig. 3b). Lower PER values are always found in 
Results expressed in percent of the total 14C fixed the eastern English Channel than in eutrophic Belgian 
(PER) (Table 1) reveal that PER does not display any coastal waters (Fig. 3b, c). 
Table 1. Effect of light intensity on percentage extracellular release (PER), expressed in % of total primary production 
(particulate + dissolved) 
Samples Surface incident Light intensity (% of surface incident radiation) 
radiation PhAR' 10 27 7 3 100 
No Co-ordinates Joules cm-* h-' PER (%) PER (%) PER (%) PER (%) 
April 
1 50" 46' N 01" 15' E 29 2 1 28 30 27 
2 50" 33' N 00" 54' E 94 24 24 17 20 
3 51" 09' N 01" 57' E 15 43 77 73 80 
4 51' 24' N 02" 48' E 36 25 26 2 1 25 
May 
5 50" 33' N 00" 54' E 66 4 8 56 55 57 
6 50" 43' N 01" 17' E 39 4 6 45 4 7 4 2 
7 51" 24' N 02" 48' E 24 76 62 80 76 
June 
8 51' 24' N 02" 48' E 57 14 10 5 14 
9 51" 15' N 02" 13' E 3 6 5 5 5 4 
10 51" 09' N 01" 58' E 34 10 10 9 8 
Photosynthetic active radiation 
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Outside the bloom period, relatively low PER values 
were measured although the level of mineral nitrogen 
was low. PER values range from 5 to 10 % during 
summer (Fig. 3d) and from 0 to 14 during autumn (Fig. 
3e). 
Effect of growing conditions on extracellular release 
by successive dominant phytoplanktonic populations 
Outside the spring period, the phytoplankton popu- 
lation (cell numbers) of the Southern Bight of the North 
Sea is mainly composed of diatoms. The winter period 
is characterized by the presence of small diatoms such 
as Melosira sulcata and Dimerogramma minor 
although large colonial forms dominate the population 
during summer (e. g. Rhizosolenia shrubsolei) and 
autumn. Only this last period includes a great variety 
of different colonial diatoms. 
On the other hand, during the whole spring period, 
phytoplankton is dominated almost exclusively (99 %, 
cell numbers) by the haptophycean Phaeocystis 
poucheti (Hariot) with the exception of the 2 most 
oligotrophic stations in the Channel where both small 
and large dinoflagellates are the dominant phyto- 
planktonic species. 
One can thus regard the phytoplankton of the South- 
em Bight of the North Sea as being composed of only 3 
types of population; for these one can study separately 
the effect of nutrient changes in the surrounding 
medium on their extracellular release (Fig. 4a, b, c). 
Fig. 4 a documents a significant negative correlation 
between PER values and inorganic nitrogen when 
Phaeocystis poucheti dominates the spring population. 
This suggests that shortage of nutrients during bloom- 
ing causes increased exudation. 
Although only a few data are available up to now the 
same type of relation between extracellular release 
and nitrogen concentration seems to apply to the 
oligotrophic dinoflagellates dominating in spring in 
the eastern English Channel (Fig. 4b), but with iower 
values of the PER maximum. In addition Fig. 4b reveals 
a critical inorganic nitrogen concentration beyond 
which all the photo-assimilated carbon is used for 
Flg. 3. Isoconcentration curves of inorganic nitrogen (pg at N I-'; geographical distribution of PER (%) (a) winter (8 to 9 February 
1982); (b) spring: outburst (20 to 23 April 1982); (c) spring: decllne (19 to 21 May 1982); (d) summer (23 June 1982); 
(e) autumn (18 to 19 October 1982) 
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intracellular biosynthesis, or respired. Such a 
threshold inorganic nitrogen concentration seems to 
exist also for the Phaeocystis community (Fig. 4a); 
however it was not measured. 
On the other hand, no significant correlation exists 
between PER and nitrogen concentration for the 
diatom populations (Fig. 4c). PER values are always 
low, ranging from 0 to 14 % when nitrogen ranges from 
0 to 55 pg at N1-'. 
DISCUSSION AND CONCLUSIONS 
The data presented allow the validity of some earlier 
concepts concerning the control of phytoplankton 
excretion by light intensity and nutrient concentration 
to be tested. The data show that the percentage of 
extracellular release does not depend on light intensity 
in the Southern Bight of the North Sea. This result 
agrees perfectly with that reported by Smith et al. 
(1977), but contrasts with most works which indicate 
that phytoplankton extracellular release increases 
relatively when primary production is limited by either 
low or high light intensities (Fogg et al., 1965; Helle- 
bust, 1965; Watt, 1966; Anderson and Zeutschel, 1970; 
Berman and Holm-Hansen, 1974; Mague et al., 1980; 
Watanabe, 1980). Following these authors, PER 
increase at  high light intensities corresponds to the 
release of larger amounts of glycollate produced by 
increased photorespiration. This process probably does 
not occur in the Southern Bight of the North Sea, since 
it has been shown that the excreted material consists 
mainly of large polyn~ers (MW > 5000 d) thus exclud- 
ing glycollate (Lancelot, submitted). 
On the other hand, the high values of PER at low 
light intensities reported by some authors could well 
result from errors due to inadequate blank corrections 
on very low absolute measurements of both dissolved 
and particulate primary production. 
Several attempts (Smith et al., 1977; Mague et al., 
1980; Sellner, 1982) to show the effect of nutrient 
concentration on extracellular release, either in sea- 
sonal or geographical surveys, remain unconvincing 
because changes in dominant taxonomic species were 
not taken into account. 
My results show that, for the same range of mineral 
nitrogen concentration, phytoflagellates have higher 
PER values than diatoms. This agrees with the works of 
Lee and Nalewajko (1978) and Wolter (1982). Their 
studies suggest species-specific excretion rates and 
support generally greater release from flagellates than 
from diatoms. In addition, for each phytoflagellate 
population, a specific inverse relation holds between 
PER and mineral nitrogen concentration. This means 
that when nutrients decrease during a bloom because 
Mineral nitrogen pg at N I-' 
Fig. 4. Relations between PER values and inorganic nitrogen 
concentrations for 3 phytoplankton populations in the South- 
ern B~ght, North Sea. (a) Phaeocystispoucheh, r = - 0.91, PER 
= - 2.12 N + 73; (b) dinoflagellates, r = - 0.98. PER = - 4.10 
N + 43;  (c) diatoms, r = - 0.59, not significant 
of phytoplankton uptake, higher quantities of photo- 
assimilated carbon are released into the surrounding 
medium in agreement with Fogg's hypothesis (Fogg et 
al., 1965) and other studies (Ignatiades and Fogg, 1973; 
Iturriaga and Hoppe, 1977; Sharp, 1977; Wolter, 1982). 
None of these authors, however, reported a continuous 
relationship, probably because of heterogeneity in 
phytoplanktonic species composition. 
As a result of such different physiological behaviour 
of the 3 main groups of phytoplankton succeeding each 
other in the Southern Bight of the North Sea, the 
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highest PER values are not found in the most oligo- 
trophic waters as suggested by earlier works (Fogg et 
al., 1965; Anderson and Zeutschel, 1970; Thomas, 
1971; Berman and Holm-Hansen, 1974). Outside the 
bloom period, PER values are very similar in oligo- 
trophic and eutrophic waters (Fig. 3d, e),  in agreement 
with the most recent literature (Williams and Yentsch, 
1976; Sellner, 1981; Larsson and Hagstrom, 1982). 
On the contrary, coastal waters are characterized, 
during the decline of the bloom, by very high PER 
values, never reported elsewhere in the literature. 
These high PER values must be attributed to the very 
peculiar physiology of colonial Phaeocystis poucheti 
which dominate the population in terms of biomass 
(99 %, cell numbers) during the bloom period. This 
species is known to synthesize a mucilage envelope 
during its stationary phase (Guillard and Hellebust, 
1971) and this leads to the release of large quantities 
of extraceiiuiar products of high moiecuiar weight 
(> 700 d) during the decline of the spring bloom. 
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